However, in hypertonic solutions or in the presence of certain drugs, alternation has been induced in which the action potential and contraction are concordant (12, 14) . In these cases the evidence indicated that the alternation was associated with the alternate failure of some cells to be activated.
In the present report the behavior of alternation in the action potential and contractile force of mammalian and frog myocardium was studied. The experiments were carried out on papillary muscles obtained from the ventricles of 18 rabbits, 10 guinea pigs, 2 cats, and 11 rats, and strips of trabeculae carnae frorn 10 frogs. The mammals were either anesthetized by ether or stunned by a blow on the head. The frogs were pithed. Papillary muscles or trabecular muscles were removed from the hearts and secured in a muscle bath. Using 5-O silk suture, one end of the muscle was secured to a force gauge by a snare and the other end tied to a steel connector and anchored to a mechanical ground. The total volume of the muscle chamber was 3.0 ml. Physiological salt solutions at controlled temperatures were continuously passed through the muscle chamber at a rate of 10 ml/min, and discarded after overflowing out of the chamber. The empirical time constant of the system including the microelectrode was 0.8-1.0 msec, and the peak-to-peak noise level was usually 0.5 mv. In some experiments the excitability of the preparation was assessed by measuring the threshold stimulus intensity to elicit a response. The test stimulus was delivered through an intracellular microelectrode and the response recorded from the same microelectrode.
The circuitry for switching the microelectrode between the stimulate and record modes has been described previously (16). All recordings were displayed on a Tektronix type 56 1A oscilloscope.
The traces were photographed from the face of the oscilloscope on 35-mm film using a Grass model C4D kymograph camera.
RESULTS
Mammaliun Myocardium E$ects of stimulation rate and bath temperature on alternation. In each of 51 papillary muscle preparations from cat, rabbit, guinea pig, and rat ventricles there was a certain rate threshold which was characteristic of the species and above which there was alternation in the isometric force of contraction.
When the rate of stimulation was suddenly increased to a value greater than threshold, the peak isometric force immediately began to alternate after the rate change, and the peak isometric force of both the small and large contractions increased as the alternation progressed to a steady-state.
At steady state the degree of alternation was less than initially, and the alternation remained quite constant at this level as long as the rate of stimulation was maintained.
If the rate of stimulation was increased to a level just less than threshold rate, transient alternation was seen but this disappeared as the steady state was reached.
The studies to be described in this paper were carried out during steady-state alternation.
The threshold rate for alternation was defined as that rate of stimulation which just maintained a 5 % degree of alternation in the peak isometric force of contraction at steady state. The qualitative aspects of the time courses of alternating contractions were similar in cat, rabbit, guinea pig, and rat papillary muscles. An example taken frorn a rabbit preparation is shown in Fig. 1 . In the figure are records of the isometric force of contraction during steady-state alternation in the same preparation at three rates of stimulation. In A the muscle was stimulated at Z.Z/sec, in B at 2.8/set, and in C at Z.S/sec. Notice that the contraction of smaller peak force started from a greater end-diastolic force than the larger contraction, that is, there was incomplete relaxation preceding the smaller contraction.
The maximum rate of force development during the smaller contraction was always less than during the larger contraction. Also, the faster the rate of stimulation during alternation, the greater the discrepancy between larger and smaller contractions with regard to peak force, end-diastolic force, and maximum rate of force development.
The appearance of alternation was uninfluenced by changes in the stimulus intensity, and, therefore, alternation probably was not due to alternate inactivity of some fibers. The different species studied under similar conditions had characteristic rate thresholds for steady-state alternation, and this rate threshold was markedly influenced by the temperature of the bathing medium.
In Fig. 2 For each of the species the higher the temperature, the faster the myocardium had to be paced to induce alternation.
However, at all temperatures the myocardia of the species with the shorter normal contraction durations had to be stimulated faster to induce alternation. In these experiments the rate threshold for a given species was found to be independent of the muscle diameter of the preparation.
Other investigators have noted that the calcium concentration of the bathing solution influences the rate threshold to induce alternation (2, 14) , This was also verified in the present studies. All of our experiments were repeated at two different calcium concentrations (1 .O and 1.5 mM). The findings were similar with both concentrations except 8.0
that at the higher calcium concentration the rate threshold to induce alternation was higher. We found that if the rate of stimulation was increased to just greater than the threshold rate for alternation, alternation in the isometric force of contraction occurred without alternation in the simultaneously recorded transmembrane action potentials.
The observation was made in four rabbit, one cat, and nine guinea pig preparations in a total of 470 cell impalements.
An example is shown in Fig. 3A If the temperature of the bathing medium was higher than 24.0 C, the guinea pig papillary muscle was unusual in that it exhibited concordant alternation between mechanical activity and action potentials. This was verified in 200 cell impalements in eight animals.
In Fig. 3C a guinea pig papillary muscle was driven at 3.3 set at 24.5 C. Tracings of the action potentials associated with the larger and smaller contractions are superimposed on the right. While the alternation in contractile force was similar to that seen for the other mammalian species and for the guinea pig at temperatures below 24.0 C, the action potential with the shorter duration and depressed amplitude was associated with the smaller contraction.
Notice that the action potentials were very close together, and that the depressed action potentials started from a less completely repolarized membrane. This unusual change in the behavior of the guinea pig papillary muscle from low to higher temperatures may be the basis for the contradictory findings of Hogancamp et al. (8) and Lu et al. (14) since their experiments were carried out at different temperatures. The rat papillary muscle preparation was interesting since typical alternation in the action potential could not be induced at even very rapid rates of stimulation. This was observed in 100 cell impalements in 10 preparations.
In Fig. 30 Experiments on three guinea pig and three rabbit papillary muscles during steady-state alternation showed that carefully timed premature activations could either increase or decrease the degree of alternation.
The findings were con- sistent that when the premature activation followed the larger contraction of the alternation, then the degree of alternation increased and only gradually returned to control value after several contractions.
If the premature activation followed the smaller contraction of the alternation, then the degree of alternation was reduced or eliminated for several contractions.
This effect is shown in Fig. 4A  for a Fig. 6 show a guinea pig papillary muscle exhibiting mechanical but not electrical 'alternation as in Fig. 5A . The muscle was being driven by mass electrodes. The intensity of the stimulation was just greater than threshold.
In Fig. 6A the arrow indicates a premature stimulus interposed just before the impaled cell completely depolarized in association with the larger contraction.
The premature stimulus did not excite the muscle. In B, a premature stimulus of exactly the same timing and intensity as used previously was interposed after the action potential associated with the smaller contraction and a response was evoked (at the arrow in B). This indicates that the preparation was more refractory to mass stimulation following the action potential associated with the larger contraction, even though there was no apparent difference between the contours of the action potentials associated with the larger and smaller contractions. Even during discordant alternation when the action potentials with depressed plateaus are associated with the larger contractions, the preparation is still more refractory following the action potentials associated with the larger contractions.
Similar experiments on refractoriness were performed during 25 cell impalements in a rabbit and guinea pig preparation using stimuli delivered through the recording microelectrode.
The results from a rabbit preparation are shown in Fig. 7 . Two superimposed records of intracellular potentials recorded from the base of the anterior papillary muscle are shown. The basic driving stimuli were delivered through punctate electrodes applied to the right septal myocardium.
The stronger contraction was associated with timing and intensity did evoke an action potential following the action potential associated with the weaker contraction. The rapidly decaying potential seen in the absence of an all-or-none action potential is stimulus artifact. This was always verified by showing that its polarity and amplitude were dependent on the polarity and intensity of the stimulus.
B
The proximity of the action potentials in situations such as Fig. 3C , where concordant alternation is seen in the guinea pig preparation, suggests that incomplete recovery of the excitable membrane contributes to the phenomenon of concordant alternation. Why this is seen only in the guinea pig is apparent from a consideration of Fig. 2 . Notice that for the guinea pig the rate to induce mechanical C alternation becomes greater as the temperature goes up. At higher temperatures the guinea pig preparation must be driven at very fast rates to induce mechanical alternation. At these rates the action potentials are brought close together and may infringe on each other. This does not occur in the rat even though the rat must be stimulated faster than the guinea pig to produce mechanical alternation; the rat action potential is so brief that even at these fast rates successive action potentials are not brought close enough together to alternate.
To demonstrate the contribution of closely evoked action to induce alternation. Experiments on 10 frog preparations showed that they had to be stimulated very rapidly to induce contractile behavior vaguely resembling alternation in the mammalian ventricle.
The results of increasing the rate of stimulation on the transmembrane potential and isometric force of a frog trabeculum are shown in the three records of Fig. 9A . The transmembrane potentials in the three records of Fig. 9A are from the same cell impalement. Alternation in the transmembrane potentials appeared as seen in the third record at a stimulation rate of 3.3/set. Alternation in the contractile force also occurred at this rate, and mechanical alternation was never seen in the absence of electrical alternation.
Faster stimulation produced block. These phenomena were seen during 60 cell impalements. Alternation in the end-diastolic force was the prominent feature of mechanical alternation in the frog ventricle.
The direction of alternation was such that the small action potential was always associated with the contraction arising from the higher end-diastolic force. The small action potential was characterized by reduced amplitude and rate of depolarization and decreased duration. The alternation in peak force was always very small, and in about 90 % of the cases, the contraction of reduced peak force was associated with the smaller action potential as in Fig. 9A . However, occasionally the smaller peak force contraction was associated with the larger action potential as in Fig. 9B and there was also occasionally no alternation in peak force during alternation in action potential and end diastolic force as shown in Fig. 9C . All of these phenomena were demonstrated in normal amphibian solution and they were independent of the intensity of the stimulation.
Since changing the intensity of stimulation did not modify the responses, it is felt that they did not have their basis in the alternate failure of some cells to be activated, but that they resulted from alternation in the individual cells of the preparation.
DISCUSSION
The present studies demonstrate that there is a loose coupling between the form of the action potential and the force of contraction (Fig. 3) . There is considerable evidence that intracellular calcium does influence the electrical properties of excitable membranes (3, 7, 13, 18) . Studies which show that an increase in contractile force is accompanied by an increase in efflux of cellular potassium (4, 2 1) suggest that mechanisms at the basis of contraction may interact with ionic mechanisms involved with the action potential.
Figures 5, 6, and 7 demonstrate that the excitability of the membrane of an alternating cardiac muscle cell is different during the larger and smaller contractions.
Following the action potential associated with the larger contraction, a premature stimulus requires more current to excite the muscle (Figs. 6 and 7) , and when the muscle is excited the premature action potential following the larger contraction has a shorter duration than it does following the smaller contraction (Fig. 5) . In all of the myocardia except the rat discordant alternation in the action potential appears if the degree of mechanical alternation is severe enough (Fig. 3B) . It is felt that this alternation of the action potential is due to the influence on the excitable membrane of the alternation of some factor accompanying alternating contraction. The rat myocardial action potential does not show typical alternation because the action potential is so brief it is nearly over before the peak of contraction occurs. However, the slight alternation seen during the late phase of repolarization in the rat action potentials does occur near the peak force and therefore may be due to this mechanism (Fig. 30 ). Fig. 2 show that the papillary muscles of the species with the faster normal heart rates must be stimulated faster to induce alternation.
Species with faster normal heart . rates have papillary muscles that exhibit faster and briefer contractions under similar in vitro conditions. Therefore it would be expected that species with faster normal heart rates would have to be stimulated faster before incomplete relaxation occurred. Procedures which tend to prolong contractions, such as low temperature and metabolic depressant drugs (14), tend to lower the rate threshold to induce alternation.
Procedures which tend to shorten the duration of contractions, such as application of norepinephrine or epinephrine (10, 22) , increase the rate threshold for alternation (2, 14) .
The behavior of the alternating mammalian myocardium following premature contractions ( Fig. 4A and B) suggests that premature activations disrupt some self-sustaining recycling process which is associated with incomplete relaxation. Following the larger contraction, a premature stimulus of appropriate timing reactivates the muscle in a less completely relaxed state than following the smaller contraction and increases the degree of alternation for several cycles; whereas, following the smaller contraction, it decreases the degree of alternation for several cycles. Following very early premature activations the muscle is allowed to relax more fully and the degree of alternation is always transiently increased suggesting the alternation process is being reset (Fig. 4B) .
The data on the mammalian myocardium suggest that alternation in the peak force of contraction is due to alternate incomplete relaxation which occurs at rapid rates of stimulation.
In situations where isolated mammalian myocardium is being paced at rapid rates the muscle is able to 1715 be reexcited before it has completely relaxed from the previous contraction.
Reexciting the muscle before it has completely relaxed prevents the contractile elements of the muscle from being fully reactivated, and thus less force is developed and relaxation proceeds to a greater degree before the next activation.
With reexcitation the contractile elements can now become more fully activated and relaxation is, therefore, prolonged. The next excitation repeats the cycle.
It is generally thought that excitation and contraction coupling in the frog myocardium is different than in the mammalian myocardium and that the duration of the action potential in the frog closely determines the contractionrelaxation cycle (1, 11, 20, 23) . Our studies demonstrated that the frog myocardium does not show the alternation that is observed in the mammalian myocardium even during large degrees-of alternate incomplete relaxation. We believe that these differences are due to differences in the mechanism of relaxation of the frog myocardium as compared to the mammal.
Contractile behavior of an alternating type does not occur in the frog myocardium until the rate of stimulation is so rapid that the action potentials infringe upon each other. When this occurs the action potentials alternate. This is manifested by alternation in duration, amplitude, and depolarization velocity of the action potentials.
These observations suggest that mechanical alternation in the frog is secondary to alternation in the action potentials due to alternate incomplete recovery of the depolarization mechanisms of the membrane. The variability of the peak force which accompanies large degrees of alternation in the end-diastolic force in the frog cannot be explained (Fig. 9) . The form of the contractions is not well defined in the frog at the rapid rates of stimulation necessary to produce alternation since the small contractions ride on a greatly elevated base line (partial contracture). For this reason the possibility that the variability of the small degree of alternation in peak force may be artifactual cannot be ruled out.
In summary, since a regular and stable increase and decrease in the force of contraction can be induced in the mammalian myocardium under the same in vitro conditions and stimulation rate, alternation offers the unique opportunity to study the myocardium at two different inotropic states simultaneously. The pattern of the behavior of the mammalian myocardium in response to rate, rhythm, and temperature changes argues that the basis for alternation is in the incomplete relaxation of the contractile machinery itself and not in the action potential. Alternation in the action potential is secondary to the influence of some factor associated with contraction, or the influence of closely evoked action potentials, on the electrical properties of the membrane.
In contrast, alternation in the mechanical activity of the frog myocardium appears to be entirely due to primary alternation in the action potential. 
